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ABSTRACT 
 
 
Alam, Md Shahanur. MSEE. Department of Electrical Engineering, Wright State 
University, 2018. Simulation of a MOS or MIS structured Spatial Light Modulator for 
Terahertz (THz) Imaging 
 
 
 
 
A large area, square-gate Metal-Oxide/Insulator-Semiconductor (MOS or MIS) structured 
‘Spatial Light Modulator’ has been proposed for the Terahertz (THz) imaging at room 
temperature. This theoretical study has been done entirely by using the MATLAB platform. 
The 1D Poisson’s equation has been solved iteratively by Euler’s method with the exact 
Fermi-Dirac integral for n-doped Si-MOS and GaAs- MIS capacitors in deep accumulation 
mode. Free carrier density and the potential profile have been found for the degenerate 
case. The results have been compared with the analytical method, which is approximated 
by Boltzmann statistics, and clearly show the difference between the degenerate case and 
non-degenerate Boltzmann approximation at higher bias. Then the sheet carrier density 
was calculated by performing the numerical integration over the depth of accumulation. 
The mobility was calculated for various scattering mechanisms at room temperature, and 
the total mobility was found by using Matthiessen’s rule. The mobility and free carrier 
density were then used for calculating the bulk conductivity of the device. The sheet 
conductance and sheet resistance were found by the numerical integration of the bulk 
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conductivity over the depth of accumulation. The sheet resistance is the DC resistance and 
was scaled to THz frequencies by using the Drude model.  
 
Then a lossless two-port transmission line model was adopted for studying the 
transmittances of the THz signal through the MOS or MIS devices for different bias and 
doping concentration and calculated the depth of modulation was calculated Vs frequency 
between 0.1 and 1 THz. In contrast to the GaAs-MIS device, it has been found that the 
depth of modulation of the Si-MOS device is much higher. 
The switching time has been calculated as the 10% to 90% charging time of the interface 
capacitor by solving the equivalent large-signal RC circuit. The GaAs-MIS displays lower 
switching time than Si-MOS because, GaAs-MIS offers lower interface capacitance than 
that of the Si-MOS at the same interface bias. The 3dB bandwidth of the modulator has 
been estimated by assuming the linear RC circuit relations. Although the GaAs-MIS 
exhibited higher bandwidth than that of Si-MOS, both devices are still promising for the 
possible fabrication of spatial light modulator for THz imaging. 
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1. Introduction and Background 
 
In the quest of gathering information rapidly by electronic means in the Terahertz (THz) 
regime is the remaining problem of developing technologies for THz imaging and 
broadband communication. Much research has been done by focusing on THz generation 
and detection system but many functional devices for real-time manipulation and 
processing of THz radiation are still insufficient. The ‘Spatial Light Modulator (SLM)’ in 
the THz regime is one of them. THz SLMs are optoelectronic devices that allow the optical 
or electrical control of the spatial transmission (or reflection) of an incoming THz light 
beam, and thus encodes the information in a wave-front [1].  For THz imaging, the 
electronic device which can control the THz transmission spatially and dynamically is the 
‘Spatial THz Modulator (STM)’. Researchers working in the optical information 
processing have explored a huge number of materials and devices to convert data from 
electronic or incoherent optical form into spatially modulated coherent optical signals. 
Over the history of optical information processing, a great number of SLM technologies 
have been developed for optical applications as discussed by Joseph W. Goodman [2] and 
Uzi Efron [3]. These traditional SLMs can control the amplitude, phase, polarization, and 
other characteristics of optical signals efficiently, but they do not work properly in 
submillimeter or THz ranges because of their weak interaction with THz radiation [4]
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Figure-1: Visualization of Different Spectral Region with THz gap [5] 
The name "Terahertz" is coined from the frequency of the radiation - of the order of one 
trillion oscillations per second. The wavelength is of the order of tenths of a millimeter [5]. 
Terahertz radiation is in the spectrum of electromagnetic radiation between the upper end 
of the microwave range (mm wavelength) and the far infrared (hundredths of 𝜇𝑚). In 
contrast to the higher optical spectrum, THz radiation is low energy (1THz=4.1meV), non-
ionizing radiation, and shares with microwaves the capability to penetrate a wide variety 
of non-conducting materials. THz imaging capability is also quite distinctive from infrared 
(IR) and microwave (MW) imaging [6]. For example, whole-molecular vibration is 
important for studying large biomolecules with THz radiation, but IR can work on the inter-
atomic vibrations. THz can transmit through many materials that block light and THz 
imaging also has a much higher resolution than MW imaging [7]. Many explosives and 
narcotic drugs have a distinct signature in its THz spectra, making THz spectroscopy and 
THz imaging valuable for security applications [8].  
Despite enthralling applications of THz imaging in many sectors, this technology is still 
lagging in up-to-date optical components. Advancement in this area requires through 
investigations of the properties of the new state-of-the-art materials and more active 
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devices.  Developing a cost-effective and efficient Spatial THz modulator (STM) device is 
one of the important steps and state-of-the-art topics in THz imaging research.  
 
1.1 A brief Review of Spatial THz modulator (STM):  
There is a significant interest in extending SLM technology to the longer wavelengths in 
the terahertz (THz) regime. However, because commercial solid-state SLMs do not work 
well in the THz regime, most existing terahertz imaging systems use a raster scan to move 
an object in front of a single, sensitive THz detector. This mechanical scanning 
significantly limits the acquisition speed [9]. However, researchers have been looking for 
a suitable solid state SLM for a long period of time. In the early 90’s researchers used 
optical pulses (the diode pumped CW Nb:YAG laser) to generate free carriers on the bare 
Silicon wafer for controlling THz transmission and they demonstrated amplitude, 
frequency and phase modulation [10] [11] at 2.5 THz.  In another study, Si and GaAs both 
were used for THz signal modulation by T. Nozokido et. al. with a Q-switched Nd:YAG 
laser source [12]. According to a recent study, only 19.9% depth of modulation was 
reported for the Si wafer [13] even when a large laser fluence was applied, which 
substantially limits the achievable tunability and versatility [14]. Later in 2000, I. H. Libon 
et. al. reported the optically controllable multiple-quantum-well structure GaAs/AlAs 
modulator which was able to reduce THz transmission by 60% [15]. Later, in 2005, 
researchers proposed a new approach for THz modulation by fabricating a 2D metal film 
array on semi-insulating InSb [16]. Later, people took the approach one step ahead and 
proposed that semiconductors are a suitable candidate for active tuning of the optical 
properties of metamaterials at THz frequencies by creating sub-wavelength periodic 
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metallic inclusions in the semiconductor materials. In 2006, split ring resonator 
metamaterials were fabricated on semi-insulating gallium arsenide (SI-GaAs) and were 
able to control the transmission from 15% to 60% by using optical fluence [17]. People 
also developed a graphene-based STM system and found a higher depth of modulation, in 
2014 Qi-Ye Wen et.  al. proposed a system with a very high modulation depth of ~94% by 
using a single layer graphene on Germanium (Ge) [14].  
It is true that in optical approaches great progress has been achieved as we see above.  
Without optical fluence, all-electronic based systems would be a very strong proposition 
as the electronic approaches are more practical and easier to use. For example, in 2004, 
Kleine-Ostmann et al. demonstrated a room-temperature electrically driven THz spatial 
modulator based on electron density modulation in a gated two-dimensional electron gas 
by using GaAs/AlGaAs HEMT and maximum 3% depth of modulation was achieved over 
0.1 to 2 THz spectral range [18]. In 2009 a semiconductor/metamaterial spatial modulator 
was reported by W. L. Chan et.al [1]. They have designed an array of subwavelength-sized 
split-ring resonator elements and fabricated on a semiconductor substrate, which was 
independently controlled by applying an external bias. They were able to achieve around 
40% depth of modulation. Electronic modulation of THz beam was also employed by using 
a single layer of graphene on top of a SiO2/p-Si substrate [19]. As the energy of THz 
photons is too low to drive inter-band transitions of the electrons in graphene, intra-band 
transitions dominate the induced absorption of THz radiation. They reported 15 ± 2% 
modulation depth and estimated a 3dB bandwidth of ~18 kHz. 
All existing STM technologies mentioned above have been designed based on exotic 
materials like meta-materials and graphene and some of them using the optical pump for 
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the generation of the free carriers to control the THz transmission. The commercial use of 
high quality graphene is still a major bottleneck for developing a graphene based electronic 
system as the industrial scale production of graphene is still not possible [20].  
 
1.2 Overview of the work  
In this project, a square-gate metal-oxide-semiconductor (MOS) or metal-insulator-
semiconductor (MIS) capacitor spatial THz modulator has been analyzed by numerical 
simulation. The idea is very simple, if an MOS or MIS capacitor is forward biased enough 
it will accumulate enough surface electrons to create carrier degeneracy. The free electrons 
make the oxide-semiconductor interface conductive which reduces the transmittance of 
THz radiation. THz absorption by the free electrons can be explained by the frequency 
dependent Drude model. N-doped Si and GaAs have been used as the substrate. Numerical 
calculations have been carried out by using the popular MATLAB platform. The 1D 
Poisson’s equation is solved for the degenerate case in accumulation mode by using the 
Fermi-Dirac integral along with surface parameters. The results of Poisson’s solution have 
been used in a transmission line model, developed by E.R. Brown, and the modulation 
depth is found Vs THz frequency. Then the switching speed of the same devices is 
calculated numerically by using the result from Poisson’s solutions and large signal RC 
analysis. 
1.3 Organization of the thesis 
In chapter 2, the fundamentals of MOS or MIS capacitor and Poisson’s solution, surface 
parameters, and MOS as an optical switch are described.  
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In chapter 3, the spatial modulator and THz spatial modulator technique are described 
shortly. Then the MOS or MIS as a spatial THz modulator, the Drude model and the 
transmission line principle have been described.  
 In chapter 4, the results for transmittance of Si-MOS and GaAs-MIS, modulation depth, 
and switching speed are discussed with a comparative emphasis.  
In chapter 5 the conclusion of the work is provided, and, at the end, the necessary Appendix 
and MATLAB scripts have been added.  
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2. Fundamentals of Metal-Oxide-Semiconductor (MOS) capacitor 
 
2.1 MOS Capacitor: 
The MOS capacitor is a two-terminal device where an oxide layer is sandwiched between 
a metallic conductor and a doped semiconductor substrate. The schematic structure is 
shown in Fig. 2. In this work, all discussion has been done by considering an MOS of n-
doped Si substrate. Then the same formulation is also applied to the n-GaAs MIS capacitor 
as well. It has been assumed that the semiconductor is doped uniformly and the temperature 
T=300K.  
 
Figure 2-Schematic block diagram of an accumulation mode Si-MOS capacitor with n-
type Si substrate and Al gate contact [21, pp.44]
8 
 
2.2 Interface effect of MOS 
Most semiconductor devices are sensitive to their surface properties and the performance 
and stability can be controlled by these properties. For using this characteristic in the device 
technology, people researched to find a way to control the sensitivity. For most Si 
technology, SiO2 layer has been used on the surface as a passivation layer.  However, SiO2 
has some other advantages. Such as: i) SiO2 helps to create surface quantization in the Si 
which is a very important phenomenon for the degenerate bias case ii) it acts as a barrier 
against diffusion of impurities into Si iii) it provides insulation between interconnecting 
devices in CMOS, and iv) it separates the gate metal from the Si substrate [21]. 
From the schematic diagram in Fig2, if 𝑉𝑔 > 0, it will accumulate electrons on the surface 
but for 𝑉𝑔 < 0, the surface will be depleted and at very high negative bias the surface will 
enters the inversion mode [22]. For this work, only the accumulation mode of MOS or MIS 
capacitor will be discussed.  
In the next sections the basic formulations of the n-doped MOS capacitor and free carrier 
generation will be discussed in accumulation mode. 
 
2.3 MOS Band Diagram  
To understand how a semiconductor device operates, one need to understand and visualize 
the energy band diagrams. Fig. 3, displays the schematic band diagram (not to scale) of an 
n-doped MOS or MIS capacitor at flat band condition in the ideal case with zero gate 
voltage. At flat band condition, the difference between the metal work function (𝑞𝜙𝑚)  and 
the semiconductor work function (𝑞𝜙𝑆) is zero. The difference can be expressed as [22], 
𝑞𝜙𝑚𝑠 = 𝑞𝜙𝑚 − 𝑞𝜙𝑆 = 0 or 𝑞𝜙𝑚𝑠 = 𝑞𝜙𝑚 − 𝑞(𝜒 +
𝐸𝑔
2
− 𝜓𝑏) = 0----------------------(2.1) 
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Here, 𝜒 is the electron affinity of Si, 𝐸𝑔 is the bandgap of Si and 𝜓𝑏 is the bulk electric 
potential which depends on the doping profile (𝑁𝐷) and intrinsic carrier concentration (𝑛𝑖) 
of the semiconductor material as 
 𝜓𝑏 =
𝑘𝐵𝑇
𝑞
ln (
𝑁𝐷
𝑛𝑖
)---------------------------------------(2.2) 
Where, 𝑘𝐵 is Boltzmann constant, 𝑇 is temperature, 𝑞 is electron charge. At, 𝑇 = 300𝐾, 
𝑘𝐵𝑇
𝑞
= 0.026𝑒𝑉[22]. For the practical case where 𝜙𝑚𝑠 is not zero. For Al gate metal on the 
SiO2-Si, the variation of flat-band potential with doping concentration can be found in 
Fig.10.23 of ref. [21].  
 
Figure-3: Schematic Band Diagram of MOS or MIS device at flat-band condition [22]. 
𝐸𝐶 , 𝐸𝑉 , 𝐸𝐹 , 𝑎𝑛𝑑 𝐸𝑖 are conduction band, valance band, Fermi level in the bulk and 
intrinsic Fermi level respectively 
 
Now, if we apply positive bias at the gate terminal, the free electrons start to accumulate 
on the surface and the band bends downwards to give more space for electrons. The electric 
potential changes as a function of position 𝜓(𝑥)  from the bulk to surface. The electric 
potential can be expressed as [22]  
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𝜓(𝑥) =
𝐸𝑖(∞)−𝐸𝑖(𝑥)
𝑞
--------------------------------(2.3) 
So, deep in the bulk, at 𝑥 = ∞, 𝜓(𝑥) = 0 and at the surface 𝜓(𝑥 = 0) = 𝜓𝑠 called the 
surface potential which is the magnitude of the resultant band bending for an applied bias. 
The band bending phenomenon is illustrated with numerical results in section-2.4.4.  
2.4 Formulation of Poisson Equation for MOS OR MIS capacitor  
In the ideal MOS or MIS capacitor, there is no perpendicular carrier transport in steady 
state, so the transport equations are not necessary to solve. The Poisson equation should be 
adequate to govern the potential and carrier density of the system [21]. 
The Poisson equation is formulated and solved for one dimension (1D).  The direction is 
perpendicular to the SiO2/Si interface and the electrostatic field under the gate in the 
oxide/insulator layer is uniform and perpendicular to the interface. The Poisson’s equation 
for doped semiconductor material can be stated by Eq.2.4 [21] 
∇2𝜓(𝑥) = −
𝜌(𝑥)
𝜀𝑠
 ----------------------------------------------(2.4) 
Where, 𝜌 is the total charge density which consists of immobile donors (𝑁𝐷), acceptors 
(𝑁𝐴) and mobile electrons- 𝑛(𝑥) and holes- 𝑝(𝑥). So, 𝜌 can be expressed as 
𝜌(𝑥) = 𝑞(𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷 − 𝑁𝐴)------------------------------------(2.5) 
𝑠 is dielectric constant of the substrate and 𝜓(𝑥) is the position dependent electric 
potential. As the material is n-type, the charge density can be simplified to  𝜌(𝑥) = 𝑞(𝑁𝐷 −
𝑛(𝑥)) as 𝑁𝐴 = 0 and n(x)>>p(x). So, Eq. (1) can be written as, 
∇2𝜓(𝑥) = −
𝑞(𝑁𝐷−𝑛(𝑥))
𝜀𝑠
--------------------------------------------(2.6) 
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2.4.1 Free Carrier Density 𝒏(𝒙) 
The band bending allows us to calculate the carrier density at the Si surface under an 
applied bias. The position dependent carrier density can be formulated from the following 
integral equation. 
𝑛(𝑥) = ∫ 𝐷𝑐(𝐸)𝐹𝐷(𝐸)𝑑𝐸
∞
𝐸𝐶(𝑥)
--------------------------------------(2.7) 
Where, 𝐷𝑐(𝐸) is the conduction band density of state function, 𝐷𝑐(𝐸) =
𝑀(2𝑚𝑑
∗ )
3
2
2ℏ3𝜋2
(𝐸 −
𝐸𝐶)
1/2 and  𝐹𝐷(𝐸) is the Fermi-Dirac statistics denoted as,  𝐹𝐷(𝐸) =
1
1+𝑒
𝐸−𝐸𝐹−𝑞𝜓(𝑥)
𝐾𝐵𝑇
 
After substitution in Eq.2.7 we get, 
𝑛(𝑥) = 𝑁𝐶ℱ1
2
(𝜂)  
Or, 
𝑛(𝑥)
𝑁𝐶
= ℱ1
2
(𝜂)----------------------------------------------------(2.8) 
Where, 𝑁𝐶 =
𝑀
4
(
2𝑚𝑑,𝑐
∗ 𝐾𝐵𝑇
𝜋ℏ2
)
3/2
is the effective density of states of the conduction band [22],  
𝑀 is the numbers of equivalent constant-energy spheroids in the conduction band, ℱ1
2
(𝜂) 
is the Fermi-Dirac integral of order ½ and 𝜂 =
𝐸𝐹−𝐸𝐶+𝑞𝜓(𝑥)
𝐾𝐵𝑇
  is the reduced Fermi energy. 
Now, if  =
𝐸−𝐸𝑐
𝐾𝐵𝑇
 then the Fermi-Dirac integral is formulated as  
ℱ1
2
(𝜂) =
2
√𝜋
∫
𝜀1/2
1+𝑒𝜀−𝜂
𝑑
∞
0
 ----------------------------------------(2.9) 
The Fermi-Dirac integral is approximated in most of the textbooks on semiconductor 
devices by using the Boltzmann approximation and the Eq. (2.8) is reduced to a simple 
form as [21], [22], [23], 
 
𝑛(𝑥)
𝑁𝐶
=  exp (−
𝐸𝐶−𝐸𝐹+𝑞𝜓(𝑥)
𝑘𝐵𝑇
) -------------------------------------(2.10) 
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Eq. (2.10) also presents another form as [21], [22],  
𝑛(𝑥) = 𝑁𝐷exp (
𝑞𝜓(𝑥)
𝑘𝐵𝑇
) --------------------------------------------(2.11) 
This approximation works fine for the non-degenerate case. But, at the Si/SiO2 interface, 
carrier degeneracy occurs for higher positive bias and the Boltzmann approximation cannot 
quantify the carrier density correctly [21, sec.-3.2.6]. The best way to quantify the carrier 
degeneracy is to solve the Fermi-Dirac integral numerically. For the numerical solution, 
the integral equation can be formulated in general form after R. B. Dingle [24],[25], 
ℱ𝑗(𝜂) =
1
Г(𝑗+1)
∫
𝜀𝑗
1+𝑒𝜀−𝜂
𝑑
∞
0
------------------------------------(2.12) 
The Fermi-Dirac integral can be computed correctly by numerical integration. Press et al. 
has described the approach for the solution of generalized Fermi-Dirac integrals with order 
of j =1/2 [26]. In this approach, the composite trapezoidal rule has been used with variable 
transformation method. The usual transformation is given as  = exp (𝑡 − 𝑒−𝑡) [26], 
where ‘t’ is the new variable. The relation handles the singularity at = 0 and the 
exponential fall off at large [9].  
The findings have been compared with the classic paper of J.S. Blackmore of 1960’s on 
Fermi-Dirac integral for the degenerate and the non-degenerate case [27] and it have been 
found the exact match for the numerical and the analytical cases. So, it is the evident that 
the calculation could be proceeded to the next steps. The y-axis values of the Fig.2.4a are 
found from Eq.2.8 and Eq.2.10 for numerical and analytical solutions respectively.  
Fig.2.4b representing the bulk carrier density for the corresponding Fermi energy for the 
doping concentration of  𝑁𝑑 = 1 × 10
16 𝑐𝑚−3 in Si.  
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2.4.2 Flow charts for solving Fermi-Dirac Integral  
 
Flochart-1: Flowchart for Fermi-Dirac Integral 
Flowchart-1 
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The numerical approach for solving the Fermi-Dirac integral has been presented in the 
following flowchart diagram.  In this algorithm, the Fermi-Dirac integral function is 
defined with normalized Fermi energy (𝜂), the order of integral (𝑗), the tolerance level for 
convergence, and the maximum number of iterations (𝑁𝑚𝑎𝑥). Then, all parameters have 
been defined and calculated for the Fermi function then performed the integration and 
entered to the convergence loop for each value of 𝜂. The result will be saved as a matrix of 
Fermi integrand.  
 
2.4.3 Solution of Poisson Equation 
 
Figure-4: The schematic diagram of 1D Poisson’s solution for MOS or MIS device in 
numerical approach 
 
From Fig.4, 𝑥 = 0 is assumed in the bulk as the numerical computation was initiated from 
the bulk. But, 𝑥 = 0 indicates the interface of MOS or MIS device in Fig.3. Moreover, 
analytical solution of the Poisson’s equation also given for x=0 at the interface. So, to make 
the same initial point for numerical and analytical result, the numerical data is considered 
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in reverse pattern. In other words, the first point will be the last point and the other points 
also follow the same manner for plotting with analytical results.  
 
a.  Numerical Solution 
 
Flochart-2: Flowchart for Solving Poisson’s Equation,  𝑉𝑏 = 𝜓𝑆, 𝑑𝑥 = 1Å, 𝜓1 =
1 × 10−8 eV is the initial potential in the bulk, 𝐹𝐷𝐼 is the Fermi-Dirac integral from 
flowchart-1 
 
 
Flowchart-2 
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Figure-5: a. Numerical and Analytical results of Fermi-Dirac Integral for conduction 
band in Silicon b. resultant carrier density in n-doped Si with normalized Fermi energy 
 
 
b. Analytical Solution 
The analytical solution of the Poisson’s equation has been given in textbooks on 
semiconductor devices by simplifying the Fermi-Dirac integral. For this simplification, the 
 
a. 
b. 
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Boltzmann approximation has been used. The analytical solution for the position dependent 
potential of accumulation mode is given by S.M. Sze for p-type MOS/MIS device [22, sec-
4.3.6]. After conversion for n-type analysis the analytical solution is given by, [see the 
Appendix-A] 
𝜓(𝑥) =
𝑘 𝐵𝑇
𝑞
ln [𝑠𝑒𝑐2(𝑠𝑒𝑐−1(exp (
𝑞𝜓𝑆
2𝑘𝐵𝑇
)) −
𝑥
√2𝐿𝑑
)]----------------------(2.13) 
Where, 
𝑘 𝐵𝑇
𝑞
= 0.026𝑒𝑉 at T=300K, 𝜓𝑆 is the applied bias or surface electric potential, 𝐿𝑑 
is the Debye screening length which is given for n-type as, 𝐿𝑑 = √
𝜀𝑠𝑘𝐵𝑇
𝑞2𝑁𝑑
. The Eq.2.13, turns 
out as 𝜓(𝑥 = 0) = 𝜓𝑠 on the interface and then decreases with depth into the bulk and 
goes to 𝜓 = 0 at 𝑥 = 𝑥𝑎𝑐𝑐,  𝑥𝑎𝑐𝑐 is the accumulation depth where electrostatic field, 𝐸 =
0.  
This approximated solution works fine for small bias voltage and in the non-degenerate 
case, but when the carrier degeneracy occurs for the higher bias on the surface, this solution 
becomes inaccurate. Fig. 5a compares the analytical solution and the numerical solution 
with the Fermi-Dirac integral. 
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2.4.4 Potential Profile and Band Bending:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-6: log(x) graphs of Potential Vs depth from the interface to the bulk (a) for Si 
and (b) for GaAs. For 𝑁𝐷 = 1 × 10
16 𝑐𝑚−3, 𝑉𝑠𝑎 & 𝑉𝑠𝑛 are surface potentials for the 
analytical and the numerical cases respectively 
 
 
b. 
a. 
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The numeric and analytic solutions for the potential profile are plotted in Fig-6a and Fig.6b 
for the Si-MOS and the GaAs-MIS respectively each doped 𝑁𝐷 = 1 × 10
16 𝑐𝑚−3. At the 
semiconductor-oxide or semiconductor-insulator interface, the potential is maximum and 
known as the so-called surface potential approaches zero deep into the bulk. The solution 
has been carried out for different surface potentials. The analytical solution is found from 
Eq. 2.13. From Fig.6, it is very easy to perceive that at lower bias, the analytical and the 
numerical values are indistinguishable for the Si-MOS and the GaAs-MIS, particularly for 
𝜓𝑆 =  0.1𝑉 and 𝜓𝑆 =  0.2𝑉. Then, at higher biases, the numerical values start to disagree 
with the analytical results. For 𝜓𝑆 =  0.4𝑉 or greater the analytical solutions become near 
the surface. From Fig.6, the potential profiles show a huge difference between analytical 
and numerical results. The analytical method is inaccurate at the interface because it 
ignores the effect of carrier degeneracy, which has been mentioned in ref. [21, sec.3.2.6] 
The band-bending under different biases are given for realizing a different view of the 
degenerate band bending at the higher bias. The Fig.-7 shows the numerical results of the 
band bending for different biases, plotted as electron potential energy (−𝑞𝜓). 
The conduction band has been considered as the reference line, which is assumed as the 
‘zero’ of potential energy and bends downwards near the interface under a positive bias. 
The bands are bending downward corresponds to the electric potential being positive 
[21,22]. 
The band-bending of the Si-MOS has been demonstrated in Fig.7a. For 𝜓𝑆 =  0.1𝑉, the 
conduction band is bending downward and approaching to the Fermi level and for 𝜓𝑆 =
 0.5𝑉 it crosses the Fermi level consistent with the surface accumulating the large number 
of electrons and this electron follows the Fermi-Dirac distribution as shown in Fig.-5a. The 
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band bending phenomenon has been induced by the accumulation of the free carrier on the 
surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-7: log(x) plot of electronic potential energy Vs depth of a. n-doped Si MOS and 
b. n-doped GaAs MIS under 𝜓𝑠 =0.1V, 0.5V and 1V. 𝑁𝑑 = 1 × 1016 𝑐𝑚−3 
 
 
a. 
b. 
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Fig.-7b is shows the band bending of the GaAs-MIS for the same biasing conditions as of 
Si. However, the conduction band of GaAs is bends more and reaches the Fermi level faster 
than that of the Si. Because, GaAs has the smaller density of state compared to Si. 
 
2.4.5 Solution for the Free Carrier Density 
From the numerical solution of the Poisson’s equation, the carrier concentration is 
calculated iteratively with the Fermi-Dirac integral for different surface potentials. The 
analytical solution also has been found from Eq.-2.11. The carrier density also follows the 
similar trend as the potential profile for the numerical and analytical cases at lower bias as 
in Fig.8. For 𝜓𝑠 = 0.1𝑉, the carrier density is non-degenerate, so the analytical and 
numerical result agrees to each other. But, if we apply higher gate voltage, then the surface 
potential will increase, and the surface will reach carrier degeneracy in the deep 
accumulation case. Since the analytical result approximates the Fermi-Dirac integral it 
cannot be accurate at the surface.  
 
In contrast, the numerical approach calculates more accurate values as it uses the solutions 
of the Fermi integral. We can also see that, at higher bias the free carrier density is 
increasing for both cases of the Si and GaAs but not at the same rate. For the similar bias, 
the carrier density of GaAs is more than one order of magnitude lower than that of Si. This 
is logical because the effective density of state (𝑁𝐶) is much lower in GaAs than Si.  
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Figure-8: Free carrier concentration Vs. depth for different biasing voltages from surface 
to bulk where 𝜓 = 0.  A. Si MOS b. GaAs MIS, For 𝑁𝐷 = 1 × 10
16 𝑐𝑚−3, 𝑉𝑠𝑎 & 𝑉𝑠𝑛 for 
surface potential for analytical and numerical case respectively 
a. 
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Figure-9: Numerical result of bulk free carrier density of Si and GaAs MIS under 
different applied bias on the 23nterface. 𝑁𝑑 = 1 × 10
16𝑐𝑚−3. 
 
The bulk carrier densities of the Si MOS and the GaAs MIS capacitors can be represented 
together for different biasing conditions as shown in Fig.-9. For each bias the carrier 
density of 𝑆𝑖𝑂2 − 𝑆𝑖 interface more than one order of magnitude than that of 𝑆𝑖3𝑁4 − 𝐺𝑎𝐴𝑠 
interface.  
 
2.4.6 Sheet Carrier Density (𝒏𝒔) 
Sheet carrier density is the amount of the free carriers per unit area ‘cm-2’. In this work, 𝑛𝑠 
is calculated by the integration of bulk carrier density over the accumulation depth. In that 
case, we will get the sheet carrier density as a function of biasing potential. The 
mathematical expression for sheet carrier density is as follows, 
a. 
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𝑛𝑠 = ∫ 𝑛(𝑥)𝑑𝑥
∞
0
 ---------------------------------------(2.14) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-10: Sheet carrier density of Si and GaAs under surface bias. A. Semilog (y) and 
b. linear(y) plot.  𝑁𝑑 = 1 × 1016𝑐𝑚−3. 
 
 
a. 
b. 
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The Eq. (2.14) has been solved numerically using Simpson’s 1/3 rule [26]. The results are 
plotted in Fig.-10 and show that at lower bias, carrier concentrations are the same for both 
devices as the doping concentration are similar. However, at higher bias, the sheet carrier 
density is much higher in the Si than in the GaAs. At high bias, the Si-MOS has more than 
one order of magnitude higher sheet carrier density than that of GaAs-MIS.  
 
2.5 Mobility at Room Temperature 
The mobility represents the agility of the free carriers to move in response to an external 
electric field. Carrier mobility in a material is restricted by various scattering mechanisms. 
At room temperature, the most dominant scattering factors are the ionized impurity 
scattering, the acoustic phonon scattering, and the polar optical phonon scattering due to 
polar interactions. The polar optical phonon scattering is strongest in the case of compound 
semiconductors like GaAs, GaN, InN etc. [28]. The resultant mobility can be computed by 
the Matthiessen’s rule [29,pp.413]. The room temperature scattering mechanisms are 
shortly described in the following section. 
 2.5.1 Ionized Impurity Scattering: Semiconductor materials are usually doped with 
external atoms known as acceptors or donors. The acceptor and the donor acts as a point 
like defect that when ionized creates an electrostatic potential that can scatter free carriers 
like the electrons and the holes. The potential is not a simple Coulomb potential. It can 
account for the effect of free carrier screening with an exponential decay term along with 
the Coulombic potential. The potential can be written for the degenerate case [30, Eq.-33].  
𝑉(𝑥) =
𝑞𝑠
4𝜋𝜀𝑟𝜀0𝓍
𝑒−𝔁𝛽-----------------------------(2.15) 
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Where, 𝑞𝑆 is the charge of scattering point and 𝛽 is the inverse screening length, since the 
carrier concentration is degenerate and obeys the Fermi-Dirac statistics, 𝛽 is the inverse of 
the Thomas-Fermi screening length (𝐿𝑇𝐹) is given as [29, pp.192], 
𝐿𝑇𝐹 =
1
𝛽
=
𝑣𝐹
√3𝜔𝑝
----------------------------------(2.16) 
Here, 𝑣𝐹 = √
2𝑈𝐹0
𝑚𝑐
∗ , 𝑈𝐹0 =
𝑚𝑐
∗𝑣𝐹
2
2
 and 𝜔𝑝 = √
𝑒2𝑛
𝑚𝑐
∗𝜀𝑠
, 𝑚𝑐
∗ is the conductivity effective mass of 
the electron. The relaxation time is formulated by using the Brooks and C. Herring 
approximation in [29, pp.407] 
< 𝜏𝑖𝑚𝑝 >=
128√2𝜋𝑚𝑐
∗
𝑛𝐼ln {(1+𝛾𝐵𝐻2)−
𝛾𝐵𝐻
2
(1+𝛾𝐵𝐻
2)
}
(
𝜀𝑟𝜀0
𝑞𝑃𝑞𝑆
)
2
(𝑘𝐵𝑇)
3
2---------------------------(2.18) 
Where, 𝑛𝐼 = 𝑁𝐷 for n-type doping,  𝛾𝐵𝐻 = 2𝑘𝐵𝐻𝐿𝑇𝐹 and 𝑘𝐵𝐻 =
√6𝑚𝑐
∗𝑘𝐵𝑇
ℏ
 is the Brooks-
Herring wave number, 𝑞𝑃 is the charge of the incident particle.  
2.5.2 Acoustic Phonon Scattering: 
Acoustic phonon scattering is the most universal electron scattering mechanisms in 
semiconductor at the room-temperature. Shockley and Bardeen have studied the 
propagation of acoustic phonon in solids that causes a perturbation on the electron.  They 
used the simple elasticity theory to relate the band edge energy (𝐸) and the strain (𝜂) [29, 
pp.408].  
𝛿𝐸 = Ξ𝜂 
where, Ξ is the longitudinal deformation potential. 
The relaxation time has been formulated for the acoustic phonon scattering as [29, pp.412], 
< 𝜏𝑎𝑐𝑐𝑜𝑢𝑠𝑡𝑖𝑐 >=
(2/3)√2𝜋ℏ4𝐶𝑚𝑚
(𝑚∗𝑐)3/2Ξ2(𝑘𝐵𝑇)3/2
----------------------------(2.19) 
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where, 𝐶𝑚𝑚 is the stiffness coefficient, 𝑚𝑐
∗ is the conductivity effective mass of the 
electron. 
2.5.3 Optical Phonon Scattering for Polar interaction 
Most of the state-of-the-art semiconductors are the compound materials with the cubic 
zincblende or the hexagonal Wurtzite crystal structure with two-atom ‘basis’ in the 
primitive cell. These compound semiconductors consist of two dissimilar atoms and show 
different electronegativity. If any excitation distorts the atoms in opposite direction, it 
creates an electric field. This happens during propagation of any optical lattice wave. The 
optical phonon propagation can be regarded as the uniform motion but in opposite 
directions in a sublattice. This movement will occur uniformly in the entire solid. 
The relaxation time for phonon scattering by polar interaction is formulated as [29, pp.425],  
1
<𝜏𝑝𝑜𝑙𝑎𝑟>
= (
𝑞𝑛𝑐𝑒𝑙𝑙Ω𝑒𝑓𝑓
𝜀0
)
2 √(𝑚∗𝑐/2)<𝑛𝑘>
𝜋(ℏ𝜔0)3/2𝜚
------------------------------(2.20) 
Where, 𝑛𝑐𝑒𝑙𝑙 is the density of the primitive cell, Ω𝑒𝑓𝑓 is the effective dipolar charge per 
primitive cell, 𝜚 is the density of the material, < 𝑛𝑘 > is the mean number of phonon, 𝑚𝑐
∗ 
is the conductivity effective mass of the electron, 𝜔0 is the longitudinal optical phonon 
frequency [13].  The resultant total relaxation time can be found by using the Matthiessen’s 
formula which measures the resultant scattering ‘rate’ by considering the contribution of 
all scattering mechanisms as, 
1
𝜏𝑡𝑜𝑡𝑎𝑙
=
1
𝜏𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦
+
1
𝜏𝑎𝑐𝑐𝑜𝑢𝑠𝑡𝑖𝑐
+
1
𝜏𝑝𝑜𝑙𝑎𝑟
----------------------------(2.21) 
Now, the mobility (𝜇) can be found by the simple relation [29, pp.412]  
𝜇 =
𝑞𝜏𝑡𝑜𝑡𝑎𝑙
𝑚∗𝑐
------------------------------------------------(2.22) 
where, 𝑚𝑐
∗ is the conductivity effective mass of the electron. 
28 
 
 In this study, the low-temperature scattering is not considered and the non-polar optical 
phonon and the intervalley scattering phenomena are not accounted for [31]. So, the 
computed data is scaled with the experimental results of S.M. Sze et. Al. [32] for 𝑁𝐷 =
1 × 1016  𝑐𝑚−3 and fitted with the original measurement to avoid any discrepancy of the 
calculations. The scaling factors were calculated from the ratio of calculated mobility and 
from ref. 16 at T=300k and found 2.52 and 1.30 for Si and GaAs respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-11: Mobility of Si a. Mobility Vs. Temperature, b. Mobility Vs. Free carrier 
density 𝑛(𝑥) at T= 300K. Mobility of GaAs c. Mobility Vs. Temperature d. Mobility 
Vs. Free carrier density 𝑛(𝑥) at T=300K. 𝑁𝐷 = 1 × 10
16  𝑐𝑚−3, 
 
 
 
  
a. c. 
b. d. 
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At room temperature the mobility does not depend much on the free carrier concentrations 
except for the contribution of ionized impurity scattering, which is weaker than the 
contribution of acoustic phonon and the polar optical scattering.  
 
2.6 Conductivity and Sheet Conductance 
The bulk Conductivity is a position dependent parameter as it depends on the local free 
carrier concentration and the mobility. The Conductivity can be represented as [22] 
𝜎(𝑥) = 𝑞𝜇(𝑥)𝑛(𝑥) ----------------------------------------------(2.23) 
Where, q is the charge of the electron, 𝜇(𝑥) is the position dependent mobility and 𝑛(𝑥) is 
free carrier density calculated in the earlier sections from the numerical solution of the 
Poisson equation and the Fermi-Dirac integral. 
But, 𝜇(𝑥) does not depend significantly on ‘𝑥’. Therefore, the conductivity of Eq. 2.23 can 
be written as,  
𝜎(𝑥) = 𝑞𝜇𝑛(𝑥)-----------------------------------------------(2.24) 
 
Figure-12: Conductivity of MOS at surface potential of 3V and 𝑁𝑑 = 1 × 10
16𝑐𝑚−3 
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The sheet conductance can be calculated by numerical integration over the same range of 
the depth as of the sheet carrier density.  
𝜎𝑠 = ∫ 𝜎(𝑥)
∞
0
𝑑𝑥 [S/sq] ----------------------------------(2.24) 
The sheet resistance can be calculated by taking the inverse of the sheet conductance as,  
𝑅𝑠 =
1
𝜎𝑠
  [
Ω
𝑆𝑞
]-------------------------------------(2.25 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-13: Sheet conductance and sheet resistance in terms of surface potential.  
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2.7 Gate voltage 
The gate voltage is the actual supply voltage and drops across the oxide/insulator layer as 
well as the semiconductor region next to the interface. The gate voltage produces a strong 
electric field across the oxide layer and a significant fraction of the total voltage drops 
across this layer. All the discussions above were based on the surface potential (𝜓𝑆) as it 
controls the drop across the semiconductor. For the flat-band condition the gate voltage 
equation can be given as [21, Eq. 3.1] 
𝑉𝐺 =
𝑄𝑆
𝐶𝑂𝑋
+ 𝜓𝑆 --------------------------------------------(2.26) 
where, 𝑄𝑆 is the accumulation charge on the interface, 𝐶𝑂𝑋 =
𝜀𝑜𝑥
𝑡𝑜𝑥
  ( 𝑜𝑥 𝑎𝑛𝑑 𝑡𝑜𝑥   is the 
dielectric constant and the thickness of the oxide layer respectively) is the capacitance 
across the oxide layer and 𝜓𝑆 is the surface potential. 
From Eq.2.91 of ref. [21] we can write 𝑄𝑆 = 𝐸𝑆 𝑆, where 𝐸𝑆 is the electrostatic field 
directed perpendicularly to the interface and 𝑆 is the dielectric constant of the 
semiconductor. So, the final gate voltage expression can be presented as,  
𝑉𝐺 =
𝐸𝑠𝜀𝑠
𝜀𝑂𝑥
𝑡𝑜𝑥 + 𝜓𝑆--------------------------------------------(2.27) 
From the Fig.-14, we can see the variations of surface potential with changing of the gate 
voltage. At the lower voltage the surface potential increases very sharply but at higher gate 
bias the surface potential is increasing more slowly. It is also an important observation that 
for getting the same surface potential we need to apply way more gate voltage to the Si-
MOS than that of the GaAs-MIS. As an example, for 𝜓𝑆 = 1𝑉  with the 10nm nitride layer 
on GaAs, we need to supply ~7V to the gate whereas Si needs 54V with 10nm oxide layer. 
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This seems counter-intuitive until we think about the difference of sheet charge density on 
the interface of Si-MOS, which is much higher than GaAs-MIS devices.  
 
 
 
 
 
 
 
Figure-14: Applied gate bias Vs resultant surface potential for two different thickness of 
gate oxide.  Dielectric constant of 𝑆𝑖𝑂2 = 3.9 0 𝑎𝑛𝑑 𝑆𝑖3𝑁4 = 7 0  
 
 
2.8 Interface Capacitance 
The interface capacitance is calculated as [21, Eq.3.6] 
   𝐶𝑆 =
𝑑𝑄𝑠
𝑑𝜓𝑠
------------------------------------(2.27) 
where, 𝜓𝑠the surface potential for the Si-MOS or GaAs-MIS device. This capacitance for 
Si-MOS is much higher than for GaAs-MIS at the same surface potential (𝜓𝑠). For 𝜓𝑠 =
1𝑉, the capacitance (𝐶𝑆) of Si-MOS is ~5.5 × 10
5  𝑝𝐹/𝑐𝑚^2 where for GaAs-MIS is 
~7 × 104𝑝𝐹/𝑐𝑚^2. So, 𝐶𝑆 is at ~8 time higher in Si than GaAs. This big difference of 
interface capacitance between Si-MOS and GaAs-MIS is for the variation of sheet charge 
density of those devices. 
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Figure-15: Interface capacitance of MOS or MIS capacitors. 𝑁𝑑 = 1 × 10
16𝑐𝑚−3, 
 𝑉𝑐 = 𝜓𝑠 
 
2.9 Switching Time of MOS Device 
Switching time is an important parameter for the high-speed applications of any electronic 
device. Switching time determines how quickly a device responds to the incoming signals 
applied on the gate. As the MOS or MIS device is basically a capacitor, the capacitive 
charging time will determine the switching time. At higher bias, the device creates a strong 
electrostatic field across the oxide/insulator, so the gate voltage drops mostly across this 
layer. A part of the gate bias also drops across the semiconductor. The surface capacitor 
responds to the interface potential/surface potential. Fig.16 shows the equivalent circuit of 
the MOS capacitor in the switching mode. The gate has been biased by applying a voltage 
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step (𝑉𝑔 = 𝑉𝑆). So, the capacitor will store energy when non-zero positive voltage comes 
and reaches to a maximum voltage then start to discharge when the supply voltage goes to 
zero. From Fig.16, 𝐶𝑜𝑥 𝑎𝑛𝑑 𝑉𝑜𝑥  are the oxide/insulator capacitance and the voltage drop 
across the gate capacitor respectively. The voltage at the interface is 𝑉𝑐 which is also known 
as surface potential.  The sheet capacitance and the sheet conductance are given as 𝐶𝑆 =
𝑑𝑄𝑠 𝑑𝑉𝑐⁄  𝑎𝑛𝑑 𝐺𝑠 = 𝜎𝑆 respectively. 𝐶𝑆 and 𝐺𝑠 are parametric function of  𝑉𝑐. If we apply 
the Kirchhoff’s current law in the loop, we get a relation, 
𝐶𝑆
𝑑𝑉𝐶
𝑑𝑡
= 𝐺𝑠𝑉𝐶 or 𝑑𝑡 =
𝐶𝑆
𝐺𝑆𝑉𝑐
𝑑𝑉𝐶. ------------------------------------(2.28) 
The initial and final voltage across the surface capacitor is 𝑉𝐶(𝑡 = 0) = 0 𝑎𝑛𝑑 𝑉𝐶(𝑡 =
∞) = 𝑉𝐶. So, if we integrate the Eq. 2.28 from 0.1 to 0.9𝑉𝐶  across the capacitor, it provides 
the conventional measure of the switching time of the MOS capacitor. So,  
 ∫ 𝑑𝑡 = ∆𝑡
𝑡2
𝑡1
= ∫
𝐶𝑆
𝐺𝑆𝑉𝑐
𝑑𝑉𝐶
0.9𝑉𝐶
0.1𝑉𝐶
----------------------------------2.29 
 
 
 
 
 
Figure-16: Equivalent Circuit of MOS capacitor at switching mode 
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3. Spatial THz Modulator 
 
3.1 Spatial Light Modulator (SLM) 
The Spatial light modulator is an optoelectronic device which is designed to control the 
wave-front of an incoming beam dynamically and spatially [33]. The device can modulate 
the incident light according to a specific temporal or spatial pattern. Essentially the light is 
controlled in phase or amplitude or both at the same time [34].  
 
3.2 Depth of Modulation (DoM)  
The interface conductance of the MOS or MIS device regulates the THz transmission 
through the device. If  positive bias is applied to the gate, the device will be ‘turned ON’ 
and the interface accumulates free electron and the THz radiation absorbed by the interface 
and the transmittance will be reduced to a minimum value (𝑇𝑚𝑖𝑛) but if zero bias applied 
to the gate the device will be ‘turned OFF’ and the transmittance will reach to a maximum 
(𝑇𝑚𝑎𝑥) value.  
Independent of the type of SLM and a good figure-of-merit the depth of modulation (𝐷𝑜𝑀). 
𝐷𝑜𝑀 can be computed by finding the 𝑇𝑚𝑎𝑥 and the 𝑇𝑚𝑖𝑛 magnitude at the same frequency 
point [35]. The relation can be expressed as the following equation, 
𝐷𝑜𝑀 =
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛
𝑇𝑚𝑎𝑥
× 100%    -------------------(3.7) 
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3.3 Types of THz SLM  
There are different types of SLM techniques for controlling the THz wave-front. Some of 
the state-of- the-art techniques are discussed very briefly in this section. 
 
3.3.1 All-optical THz Modulation   
In this technique, the optical modulator is designed based on free carrier generation by the 
fluence of the laser pulse on the semiconductor wafers, provided the incident photon 
possess energy ℎ𝜔 ≥  𝐸𝑔, where 𝐸𝑔 is the optical bandgap of the materials. These free 
carriers then control the transmittance and reflectance of the THz signal through the 
semiconductor [36]. The carriers (𝑛) have a certain lifetime, usually in the microsecond 
range and create a plasma edge with an angular frequency of   𝜔𝑝 = √
𝑛𝑒2
𝑚∗𝜀0
. If the incident 
THz signal has a frequency below the plasma frequency, the signal will be largely reflected, 
or the surface will act like total metallic. And if the frequency is above the plasma 
frequency, then the signal will transmit through the substrate [37]. For photo induced THz 
spatial light modulation, semi-insulating Si and GaAs have been used [36], [38]. Another 
device for optically controllable THz modulator has been demonstrated with the multiple 
quantum well structure of GaAs/AlAs [39]. In the demonstration of both methods, different 
types of lasers have been used. For Si and GaAs, a Q switched Nd:YAG [36] and for 
GaAs/AlAs, the HeNe laser has been used [39]. In a recent study of Si wafer as STM, 
~19.9% DoM was reported by Xie Z. W. et al [40].  
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3.3.2 Electronic Modulation 
Electronic spatial modulation is a very convenient approach for optical modulation. In this 
technique, one doesn’t need a laser fluence to generate free carriers. The carrier 
concentration can be controlled by electronic injection or depletion [41]. This approach is 
very handy for practical applications. Currently, the high electron mobility transistor 
(HEMT) devices are very popular as they form a layer of two-dimensional electron gas 
(2DEG) between the interface of two semiconductor materials with dissimilar bandgaps. 
T. Kleine-Ostmann et. Al. has demonstrated a modulator based on the AlGaAs/GaAs 
heterostructure but got a very low depth of modulation around 3% [42].  
Metamaterials can also be employed for the modulation of the THz signal. The 
metamaterial has been designed as an array of the subwavelength sized split ring resonator 
on n-doped GaAs on a semi-insulating GaAs substrate. The modulation has been controlled 
by the depletion of the substrate charge as it controls the resonance of the metamaterials 
[43]. In another study, the 2DEG density was utilized to control the metamaterial resonant 
frequency which leads to the THz wave modulation. The 2DEG is created by the high-
electron mobility transistors (pHEMTs) that are embedded in each of the split gaps of the 
metamaterial elements [44]. 
 
3.3.3 THz SLM by Graphene 
Graphene is a monolayer of the carbon atom with the honeycomb lattice structure [45]. 
Recently, graphene has attracted people due to its extraordinary band-structure, very high 
carrier mobility, outstanding carrier density, and very low density at Dirac points. These 
characteristics have made it a very tunable candidate with an external bias for the optical 
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modulator [46]. Recently, Rodriguez et. Al. studied theoretically and experimentally 
graphene THz modulator for 0.62THz and found 64% depth of modulation by controlling 
the electronic conductivity of single-layer graphene processed on top of SiO2/p-Si structure 
[46]. Another work has been done by Weis et. Al. for all-optical THz modulation by using 
graphene sheet on semi-insulating Si over a wide range of frequency of 0.2THz-2THz and 
exhibited 99% maximum modulation depth. The device is optically controlled by a 780nm 
pulsed laser for photodoping which enables control of the transmission of THz beam [47]. 
Qi-Ye Wen et. Al has demonstrated a Graphene-based THz spatial modulator, which is 
based on a single layer graphene sheet on the Germanium. The device has been controlled 
by a 1550nm pulsed laser and the modulation is carried out over 0.25THz to 1THz spectrum 
ranges. The maximum depth of modulation was found ~94% [48]. But, developing a 
graphene-based system is not possible for commercial aspect because the unavailability of 
industrial scale graphene. 
 
3.4 MOS:  Spatial THz Modulator (STM) 
In this section, the MOS or MIS capacitor is discussed as an STM based on a two-port 
transmission line model.  Using the MOS capacitor as an optical modulator gives some 
important technical advantages. There is no carrier diffusion or charge injection in an MOS 
capacitor as it is governed by the carrier drift due to the electric field. The leakage current 
in the MOS capacitors is negligible due to the gate oxide/insulator [49]. Finally, the gate 
metallic electrode can be tailored to suit the size and shape of the optical mode, which 
permits maximum overlap between free carriers and the active region of the device. Fig.17 
shows a basic schematic structure of the MOS or MIS STM device with its proposed gate 
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structure. The design consists of a large area metallic gate ( 1𝑐𝑚 × 1𝑐𝑚 ), with digital 
electrodes to allow THz radiation to reach the MOS or MIS structure. The ring electrode 
around the gate on the substrate surface is to create a ground plane well below the MOS or 
MIS structure.   
The same structure can be applied to the n-doped Si-MOS and GaAs-MIS capacitor. Only 
the dielectric layer needs to be replaced for the compatibility with GaAs. For this study the 
silicon nitride (Si3N4) has been employed as a dielectric material on GaAs as it is hard and 
gives excellent protection from moisture absorption [50]. The large electronic bandgap 
(6.9eV) helps to prevent leakage when the gate is biased [51].  
 
 
 
Figure-17: Conceptual structure of MOS modulator device, a. device prototype, b. 
square gate structure, c. THz beam transmission, 𝐿 = 1𝑐𝑚 
c. 
a. b. 
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3.5 Drude Model and Transmission Line Theory 
An MOS capacitor concentrates the degenerate free electrons at the Si/SiO2 or GaAs/Si3N4 
interface in the deep accumulation mode. The free carriers make the semiconductor just 
below the interface conductive and respond to the THz radiation which offers a frequency 
dependent AC conductance. The phenomenon can be explained by the Drude model for 
the widest frequency ranges. The Drude model is given as [52], 
𝜎(𝜔) =
𝜎0
1+𝑗𝜔𝜏
-------------------------------------------------------(3.1) 
The Drude model is for an assumed time dependence of 𝑒+𝑗𝜔𝑡[52].  Here 𝜔 = 2𝜋𝑓, 𝑓 is 
the frequency in THz ranges and 𝜏 is the scattering relaxation time for the free carriers. The 
relaxation time for Si and GaAs are in the picosecond ranges [53].  
The resultant sheet conductance controls the transmission of THz beam through the MOS 
device and eventually modulates the signal. At zero bias, the device will be highly resistive 
as there are no free electrons. So, the THz signal can pass through without any absorption. 
But in deep accumulation, the surface becomes degenerate and offers very low sheet 
resistance. The abundance of free carriers makes a huge absorption of the THz radiations, 
and the transmittance drops tremendously.  
The THz transmittance can be described by a simple two-port transmission line model 
adopted from the textbook of Fawaz T. Ulaby [54] and David. Pozar [55].  
Fig.18 represents the two-port transmission line model with two ends, generator, and load. 
Here, a lossless transmission line model is assumed which is coupled through the free space 
as the equivalent circuit of Fig.19. It is assumed that the THz signal travels through the free 
space, falls perpendicularly on the interdigitated gate aperture and propagates through the 
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substrate. The free space impedance is defined as 𝑍0 = √
𝜇0
𝜀0
,  where, 𝜇0 and 0 are 
respectively the permeability and the permittivity of the free space [56].  
 
Figure-18: Diagram of two port Transmission line model after Fawaz T. Ulaby, [54] 
 
From Fig.19, 𝑍𝑆  is the intrinsic impedance of the substrate (Si or GaAs), which is 
denoted as 𝑍𝑆 =
𝑍0
𝑛
 , where n is the refractive index of the substrate, which is denoted as 
𝑛 = √ 𝑟 ( 𝑟 is the dielectric constant of the substrate). The 𝑍𝐺  is the complex interface 
impedance, which is given by the Drude conductance as,   
 
Figure-19: Equivalent circuit of the MOS transmission line, coupling through free space 
(after E. R. Brown et.al. [52]).  
 
𝑍𝐺 = 𝑅𝐺(1 + 𝑗𝜔𝜏)---------------------------------------(3.2) 
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Where, 𝑅𝐺  is the DC sheet resistance. For a lossless transmission line, the characteristics 
load impedance for a sample of ‘𝐿’ is given by [55],  
𝑍𝐿 = 𝑍𝑠
𝑍0+𝑗𝑍𝑆tan (𝛽𝐿)
𝑍𝑆+𝑗𝑍0tan (𝛽𝐿)
 -----------------------------(3.3) 
Where, ′𝐿′ is the thickness of the Si or the GaAs substrate and 𝛽 is the phase constant of 
the signal and denoted by 𝛽 =
𝜔
𝑐
𝑛 [54]. The net transmittance oscillation is stemmed 
from the successive reflections of the air-interface-bulk interfaces. From the equivalent 
circuit of Fig.19, the reflection coefficient at air-interface-bulk interfaces is given by [52] 
Г(𝜔) =
𝑍𝑝−𝑍0
𝑍𝑝+𝑍0
 ------------------------------------(3.4) 
Then, the reflectance is simply given by, 𝑅(𝜔) = |Г(𝜔)|2. Where, 𝑍𝑝 is the parallel 
equivalent impedance which is calculated from Fig.19 by the relation, 
1
𝑍𝑝
=
1
𝑍𝐺
+
1
𝑍𝐿
. [52] 
The resultant absorbance in different layers can be represented by the transmission line 
model developed by E. R. Brown [57] 
𝐴(𝜔) =
4𝑍0𝑟𝐺|𝑍𝐿|
2
|𝑍𝐺𝐿|2|𝑍𝑜𝐿|2
---------------------------------(3.5) 
And the transmittance is given by the following equation [57] 
𝑇(𝜔) =
4𝑍0𝑟𝐿|𝑍𝐺|
2
|𝑍𝐺𝐿|2|𝑍𝑜𝐿|2
----------------------------------(3.6) 
Where, 𝑍𝐺𝐿 = 𝑍𝐺 + 𝑍𝐿 and 𝑍𝑜𝐿 = 𝑍0 + 𝑍𝑝.  
 
 
 
 
43 
 
4. Result and Discussion 
 
4.1 Transmittance and Modulation Depth 
The Drude model of the AC conductivity has been used commonly to describe the free 
carrier absorption and dispersion of the semiconductor materials in the THz regime.  The 
free carriers are responsive to the oscillating electric field and lead to the signal absorption 
[58]. But, the THz photon energy (4.1 meV at 1 THz) is too small compared to the band 
gap of Si (1.2eV) and GaAs (1.424) to produce any free carriers in the Si or GaAs 
conduction band.  
 
From Fig.13, at 𝜓𝑠 = 0,  the DC sheet conductance (𝑁𝑑 = 1 × 10
16𝑐𝑚−3) for the Si-MOS 
is 𝜎𝑆 = 4.1 × 10
−8𝑆/𝑆𝑞 and for the GaAs-MIS it is 𝜎𝑆 = 1.9 × 10
−7𝑆/𝑆𝑞. The sheet 
conductance of GaAs-MIS is almost five times higher at zero bias because the mobility of 
the n-doped GaAs is way higher than the n-doped Si at 300K for the same donor 
concentration. The mobility has been estimated in chapter-2, Fig.11. But, when 𝜓𝑠 > 0, 
the carrier density increases at a higher rate in Si than GaAs. Therefore, the sheet 
conductance of the Si-MOS surpasses the GaAs-MIS at higher bias.  
 
From Fig.9, it can be observed that, at  𝜓𝑠 = 0.5𝑉, the bulk free electron density is 
4.8 × 1020𝑐𝑚−3 and 2 × 1019𝑐𝑚−3 for the Si-MOS and the GaAs-MIS interface 
respectively, which is around ~24 times higher in Si than GaAs respectively. The total
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 sheet densities are 1.3 × 1013𝑐𝑚−2 and 4.5 × 1011𝑐𝑚−2 (see in Fig.10) and the sheet 
conductances are  ~0.0028 𝑆/𝑆𝑞 and ~0.00045 𝑆/𝑆𝑞 in the Si and the GaAs interfaces 
respectively as in Fig.13. The corresponding sheet resistances can be calculated as 
~353Ω/𝑆𝑞 and ~2.2𝑘Ω/𝑆𝑞 for Si and GaAs respectively at the interface. But, at  𝜓𝑠 =
1𝑉, the bulk free electron density increases to  2 × 1021𝑐𝑚−3 and 6.7 × 1019𝑐𝑚−3 for the 
Si-MOS and the GaAs-MIS respectively for 𝑁𝑑 = 1 × 10
16𝑐𝑚−3 , which is ~30 times 
higher in Si than GaAs MIS. The total sheet densities are 5.1 × 1013𝑐𝑚−2 and 
1.41 × 1012𝑐𝑚−2 and sheet conductances are ~0.01 𝑆/𝑆𝑞 and ~0.0016 𝑆/𝑆𝑞 for Si and 
GaAs respectively. The corresponding sheet resistances are calculated as ~100 Ω/𝑆𝑞 and 
~605 Ω/𝑆𝑞 for Si and GaAs, respectively, as from Fig.13.  
The above numbers create a great difference in the transmittance of THz signal through Si 
and GaAs as we see in Fig. 20 and Fig.21 showing transmittance curves calculated by using 
the transmission line model described in chapter-3.  
The estimation of transmittance and DoMs are analyzed and compared for ~230 and ~570 
GHz to predict the performance of MOS or MIS device as a modulator device for the THz 
broadband communication and imaging respectively.   
 
For Si-MOS (Fig.20a), when 𝜓𝑠 = 0.5𝑉 the magnitude of the highest peak is 0..56 at 
~230GHz and 0.61 at ~ 570 GHz but when bias is 𝜓𝑠 = 1𝑉, the transmittance is reduced 
to 0.25 at ~ 230GHz and 0.29 at ~570GHz (Fig.20c) for 𝑁𝑑 = 1 × 10
16𝑐𝑚−3. 
The transmittance can be suppressed by increasing the doping concentration too. Fig. 20b 
and 20d show the transmittance for 𝑁𝑑 = 1 × 10
18𝑐𝑚−3. From Fig.20b, at 𝜓𝑠 = 0.5𝑉, the 
transmittance is reduced to 0.34 at ~ 230GHz and 0.36 at ~ 570GHz and at 𝜓𝑠 = 1𝑉 
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Figure-20: Transmittance in Si-MOS capacitor, from the clockwise, a. 𝜓𝑠 = 0𝑉 and 
𝜓𝑠 = 0.5𝑉, 𝑁𝑑 = 1 × 10
16𝑐𝑚−3, b. 𝜓𝑠 = 0𝑉  and 𝜓𝑠 = 0.5𝑉, 𝑁𝑑 = 1 × 1018𝑐𝑚−3 c. 
𝜓𝑠 = 0𝑉 and 𝜓𝑠 = 1𝑉, 𝑁𝑑 = 1 × 10
16𝑐𝑚−3 d. bias voltage=1volt and 0volt, 𝑁𝑑 =
1 × 1018𝑐𝑚−3. All Solid lines for 𝜓𝑠 = 0𝑉 on top of all graphs, and all dot lines for 
‘highest’ bias in the bottom of all graphs. 
 
 
(Fig.20d), the transmittance decreased to 0.1 at ~230GHz and 0.12 at ~ 570GHz.  So, the 
device with higher doping concentration    can reduce the transmission of THz signal more 
effectively. 
Fig.21, also shows the transmittance of the GaAs-MIS for the same operating conditions 
as the Si-MOS. But the reduction of the transmittance is much lower in GaAs-MIS than Si-  
  
 
 
a. b. 
c. 
d. 
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Figure-21: Transmittance in GaAs-MIS capacitor, from the clockwise, a. 𝜓𝑠 = 0𝑉 and 
𝜓𝑠 = 0.5𝑉, 𝑁𝑑 = 1 × 10
16𝑐𝑚−3, b. 𝜓𝑠 = 0𝑉  and 𝜓𝑠 = 0.5𝑉, 𝑁𝑑 = 1 × 1018𝑐𝑚−3 c. 
𝜓𝑠 = 0𝑉 and 𝜓𝑠 = 1𝑉, 𝑁𝑑 = 1 × 10
16𝑐𝑚−3 d. bias voltage=1volt and 0volt, 𝑁𝑑 =
1 × 1018𝑐𝑚−3. All Solid lines for 𝜓𝑠 = 0𝑉 on top of all graphs, and all dot lines for 
‘highest’ bias in the bottom of all graphs. 
 
 
MOS for all the cases because the attenuation of the THz signal is much lower in GaAs 
due to the lower electron density at the interface. 
Now, if we observe all of the transmittance curves, we can see the oscillatory nature of the 
transmittance curves with a period of 111GHz for Si, which is very close to the lossless 
parallel plate etalon (Δ𝑓 = 𝑐/2√ 𝑟𝑡=111.6GHz, 𝑟 = 11.7 𝑎𝑛𝑑 𝑡 = 393𝜇𝑚 𝑓𝑜𝑟 𝑆𝑖) [52]  
and for GaAs the period is 84GHz (Fig.21), which is also very close to the same etalon 
 
 
  
c. d. 
a. b. 
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value as for Si (Δ𝑓 = 𝑐/2√ 𝑟𝑡=83.52GHz, 𝑟 = 12.9 𝑎𝑛𝑑 𝑡 =
500𝜇𝑚 𝑓𝑜𝑟 𝐺𝑎𝐴𝑠 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒). 
We also observe that the curves are trending upward as the incoming THz frequency 
increases. This occurs because, the attenuation of the signal is decaying for higher 
frequency ranges, consistent with the drop in AC conductivity predicted by the Drude 
model [52]. 
 
 
 
 
 
 
 
Figure-22: Depth of Modulation Vs for various  𝜓𝑠 of Si-MOS for a.  𝑁𝑑 =
1 × 1016𝑐𝑚−3 b. 𝑁𝑑 = 1 × 1018𝑐𝑚−3. 
 
Now, from Fig.22 and Fig.23 we plot the depth of modulation for Si-MOS and GaAs-MIS 
respectively. From those curves, we can easily understand the consequences of the THz 
transmission for different biases and different doping concentrations.  
For example, in Fig.22a, at 𝜓𝑠 = 1𝑉, the DoMs of Si-MOS are ~ 80% and 74.2% for  𝑁𝑑 =
1 × 1016𝑐𝑚−3 at ~230 GHz and at ~ 570 GHz respectively. But, in Fig.22b, when 𝑁𝑑 =
1 × 1018𝑐𝑚−3,  the DoMs are increased to ~91% and ~90.6% at ~230 GHz and ~570 GHz 
respectively. 
  a. b. 
48 
 
On the other hand, in Fig.23a at  𝜓𝑠 = 1𝑉 the GaAs-MIS is showing a depth of modulation 
is ~35% and 25% for  𝑁𝑑 = 1 × 10
16𝑐𝑚−3 at ~ 230 GHz and 570 GHz respectively and 
in Fig.23b for 𝑁𝑑 = 1 × 10
18𝑐𝑚−3 the DoMs are ~50% and ~48% at ~ 230 GHz and ~570 
GHz respectively. Another important remark is the depth of modulation is decreasing with 
the increment of the frequency. This occurs because, the AC conductivity decreased with 
frequency according to Drude model.  
From the above discussion, it would be a fair prediction that in terms of the depth of 
modulation, the Si-MOS shows better performance than the GaAs-MIS as a transmissive 
THz SLM. For the practical case, we can adopt the result for 𝜓𝑠 = 1𝑉 𝑎𝑛𝑑 𝑁𝑑 =
1 × 1018𝑐𝑚−3, where the modulation depth is also a very reasonable number which is for 
Si-MOS ~91% and ~90.6% at ~230 GHz and ~570 GHz respectively. For GaAs-MIS at 
𝜓𝑠 = 1𝑉, the estimated DoMs are not are not good enough for a real STM device rather 
the results for 𝜓𝑠 = 2𝑉 𝑎𝑛𝑑 𝑁𝑑 = 1 × 10
18𝑐𝑚−3 is interesting, where DoMs are estimated 
~80% and ~76%  at ~ 230 GHz and ~570 GHz respectively.  
 
 
 
 
 
 
 
Figure-23: Modulation depth for surface potential of n-GaAs MIS for a.  𝑁𝑑 =
1 × 1016𝑐𝑚−3 b. 𝑁𝑑 = 1 × 1018𝑐𝑚−3 
 
  
a. b. 
49 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-24: Depth of Modulation Vs Gate voltage a. Si-MOS at ~230 GHz b. Si-MOS at 
~570 GHz c. GaAs-MIS at ~250 GHz and d. GaAs-MIS at ~580GHz 
 
Now, from Fig.24, we see the depth of modulation in terms of gate voltage in both Si-
MOS and GaAs-MIS devices. The depth of modulation is increasing with gate voltage 
increment but Si-MOS device shows lower depth of modulation with higher voltage than 
GaAs-MIS device. That is because GaAs device needs lower gate voltage to increase the 
interface potential due to lower sheet carrier density. If we compare with CMOS gating 
voltage, we see at 5V GaAs-MIS device shows ~40% depth of modulation at ~250GHz 
and ~35% at 580GHz for 𝑁𝑑 = 1 × 10
18𝑐𝑚−3. On the other hand, Si-MOS shows ~17% 
and ~15% at ~230GHz and ~570GHz respectively as 220-280GHz good for wireless 
communication [59] and ~600GHz frequency is good for THz imaging [60]. 
 
 
  
a. b. 
c. d. 
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4.2 Switching Time of the THz SLM device:  
According to convention, the switching time (𝑡𝑠) is the time required for charging the 
interface capacitor from 0.1𝑉𝐶 to 0.9𝑉𝐶, in response to an applied voltage step of amplitude 
𝑉𝐶, where, 𝑉𝐶 = 𝜓𝑠. The 𝑡𝑠 has been obtained by performing integration of Eq.2.29 over 
𝑉𝐶 . The gate voltage is the maximum voltage needed for the corresponding interface 
potential, which is calculated from Eq. 2.27 of chapter-2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-25: Switching time of Si and GaAs MIS device for the corresponding gate 
voltages 
 
 
 
a. 
b. 
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Different interface potentials (𝑉𝐶 = 0.1𝑉, 0.3𝑉, 0.5𝑉, 0.8𝑉 𝑎𝑛𝑑 1𝑉) have been used and 
the corresponding gate voltages have been calculated for both devices.  
Now, if we closely look at the Fig.25 then we can make some important conclusions.  
Firstly, for equal surface potential, the Si-MOS (Fig.25b) requires higher gate voltage to 
be applied than the GaAs-MIS (Fig.25a). As an example, for 𝑉𝐶 = 1𝑉, Si-MOS needs a 
𝑉𝐺 = 54V whereas the GaAs-MIS needs only ~6V for 𝑁𝑑 = 1 × 10
16𝑐𝑚−3, which is ~9 
time lower than the Si-MOS and for higher 𝑁𝑑, the required gate voltage also increasing. 
Secondly, GaAs-MIS has the lower surface capacitance than Si-MOS, so it offers lower 
switching time than that of Si-MOS. At the interface potential 𝑉𝐶 = 1𝑉 and  𝑁𝑑 =
1 × 1018𝑐𝑚−3, Si-MOS shows the switching time 𝑡𝑠 = 3.3 × 10
−4𝑠𝑒𝑐 where for GaAs, 
𝑡𝑠 = 8.1 × 10
−5𝑠𝑒𝑐. Thirdly, the switching time can be decreased by making the doping 
level higher. But, still there is a big difference between GaAs and Si MOS. For example, 
if 𝑁𝑑 = 1 × 10
18𝑐𝑚−3 then 𝑡𝑠 = 5.3 × 10
−5𝑠𝑒𝑐 for Si-MOS and 𝑡𝑠 = 1.9 × 10
−5𝑠𝑒𝑐 for 
GaAs-MIS. 
The calculated switching time is exciting and motivates the fabrication of a real STM for 
THz imaging. If we assume the STM is a linear RC circuit, then we can estimate the 3dB 
bandwidth from the switching time. The GaAs-MIS shows the switching time of 19𝜇𝑠 for 
𝑁𝑑 = 1 × 10
18𝑐𝑚−3 at 𝑉𝐺 =~7V. The 3dB bandwidth then can be estimated for the GaAs-
MIS as ~36kHz by using the relation 𝑓𝐶 =
. 35
𝑡𝑠⁄
[61]. The 3dB bandwidth can be 
estimated as ~12kHz for the Si-MOS under the same conditions, which is greater than the 
standard video frame rate of 30 s-1.  
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5. Summary and future scope 
This thesis has focused on the design of a MOS or MIS spatial THz modulator (STM) by 
solving the 1D Poisson’s equation for the n-doped MOS or MIS capacitor valid even in the 
degenerate case where free electron density is very high and obeys the Fermi-Dirac 
statistics instead of the Boltzmann approximation. The study addressed both the n-doped 
Si-MOS and the n-doped GaAs MIS capacitor with the same formulations and compared 
their performances as an STM.  
The analysis was developed by using simple formulations and predicted excellent results 
for possible fabrication of an STM device. The Poisson’s equation was solved iteratively 
with an exact, numerical Fermi-Dirac integral, and found the free carrier density over the 
accumulation depth. A two-port lossless transmission line model was discussed with Drude 
model. Then, the sheet conductance and the sheet resistance were calculated and used in 
the transmission line model to find the transmittance Vs frequency at the different bias 
conditions and for different doping concentrations. From the transmittance results, the 
depth of modulation (DoM) was calculated, and it found that the DoM is much better in 
the Si-MOS than the GaAs-MIS in all the cases, as Si can accumulate more electron sheet 
charge density than GaAs with the same biasing potential. However, the Si-MOS requires 
higher gating voltage. 
The switching time of the device was formulated and computed for the capacitive switching 
of 0.1𝑉𝐶 to 0.9𝑉𝐶 by the numerical integration. It was found that the switching time of the 
GaAs-MIS is lower than that of the Si-MOS because the interface capacitance of the
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GaAs-MIS is much lower than that of the Si device, which essentially decreases the 
switching time. Moreover, the GaAs-MIS needs much lower gate voltage than the Si device 
to achieve the same sheet conductance. The equivalent 3dB bandwidth has been calculated 
and the GaAs has higher bandwidth than the Si device. But, the n-doped GaAs is costlier 
than the n-doped Si because Si is the most available and the cheapest semiconductor 
material for the commercial fabrication. So, there is a tradeoff for the selection of the best 
material for fabrication from the commercial respect.  
Last but not least, all the state-of-the-art STMs are designed based on the photoinduced 
transmission mechanism or some using metamaterials or high-quality graphene. These 
approaches are very costly and use more sophisticated technology than the proposed design 
in this thesis. This is a very simple model and very easy to fabricate in the cleanroom by 
using the most available and the most studied semiconductor materials.   
 
In the future one may want to study the same device self-consistently by Schrodinger and 
Poisson’s equation to account for spatial quantization at the oxide or insulator, this 
interface creates two-dimensional electron gas (2DEG). One may also want to study the 
plasmonic effect on semiconductor surface since the gate structure is fingered type and 
subwavelength metallic array shows plasmonic-like effect in THz transmission.  
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Appendix-A 
Analytical Solution of Poisson Equation for n-doped MOS/MIS device 
(The calculation has been done after S.M. Sze et.al [1] and J.P. Collinge et. al. [2] ) 
The 1D Poisson’s equation for n type substrate, 
𝑑2𝜓(𝑥)
𝑑𝑥2
= −
𝑞
𝜀𝑠
(𝑁𝑑 − 𝑛(𝑥))--------------(i) 
According to Boltzmann approximation the free electron density can be given as, 
𝑛(𝑥) = 𝑁𝑑exp (𝛽𝜓(𝑥)) 
where, 𝛽 = 𝑞/𝑘𝑇, 𝑘 is the Boltzmann constant and T is the temperature. 
For accumulation case, 𝑛(𝑥) ≫ 𝑁𝑑, so we can write Eq.(i) as 
𝑑2𝜓(𝑥)
𝑑𝑥2
=
𝑞𝑁𝑑
𝜀𝑠
exp (𝛽𝜓(𝑥))--------------------(ii) 
Now, multiplying the Eq.(ii) by 2
𝑑𝜓(𝑥)
𝑑𝑥
 
2
𝑑𝜓(𝑥)
𝑑𝑥
𝑑2𝜓(𝑥)
𝑑𝑥2
= 2
𝑞𝑁𝑑
𝑠
exp (𝛽𝜓(𝑥))
𝑑𝜓(𝑥)
𝑑𝑥
 
𝑑
𝑑𝑥
(
𝑑𝜓
𝑑𝑥
)2 =
2𝑘𝑇𝑁𝑑
𝜀𝑠
𝑑
𝑑𝑥
(exp (𝛽𝜓)) 
𝑑𝐸2
𝑑𝑥
=
2𝑘𝑇𝑁𝑑
𝜀𝑠
𝑑
𝑑𝑥
(exp (𝛽𝜓))-----------(iii) 
After the integration of Eq.(iii) from over the accumulation depth, where 𝐸 = 0 𝑎𝑛𝑑 𝜓 =
0, we get, 
𝐸2(𝑥) =
2𝑘𝑇𝑁𝑑
𝑠
[exp(𝛽𝜓) − 1]
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 𝐸(𝑥) =
√2
𝐿𝑑
𝑘𝑇
𝑞
[exp(𝛽𝜓) − 1]1/2----------------(iv) 
Here, 𝐿𝑑 is Debye screening length which is given by 𝐿𝑑 = √
𝜀𝑠𝑘𝑇
𝑞2𝑁𝑑
 
From Eq. (iv) we can write, 
−
𝑑𝜓(𝑥)
𝑑𝑥
=
√2
𝐿𝑑
𝑘𝑇
𝑞
[exp(𝛽𝜓) − 1]1/2 
𝑑𝜓(𝑥)
𝑘𝑇
𝑞 [exp(𝛽𝜓
(𝑥)) − 1]1/2
= −
√2𝑑𝑥
𝐿𝑑
 
𝑑(
𝑞𝜓(𝑥)
2𝑘𝑇
)
[exp(𝛽𝜓(𝑥))−1]1/2
= −
𝑑𝑥
√2𝐿𝑑
-------------------(v) 
Now, by dividing & multiplying left hand side of Eq.(v) by exp (
𝑞𝜓(𝑥)
2𝑘𝑇
) we get, 
exp (
𝑞𝜓(𝑥)
2𝑘𝑇
)𝑑 (
𝑞𝜓(𝑥)
2𝑘𝑇
)
exp (
𝑞𝜓(𝑥)
2𝑘𝑇
)[exp (
𝑞𝜓(𝑥)
𝑘𝑇
) − 1]1/2
= −
𝑑𝑥
√2𝐿𝑑
 
Let, 𝑧 = exp (
𝑞𝜓(𝑥)
2𝑘𝑇
), we get 
𝑑𝑧
𝑧√𝑧2 − 1
= −
𝑑𝑥
√2𝐿𝑑
 
Posing 𝑧 =
1
cos (𝜃)
= sec (𝜃), the later relation becomes 
𝑑𝑧
𝑧√𝑧2−1
= 𝑑𝜃 = −
𝑑𝑥
√2𝐿𝑑
  
 [from the differential table 
𝑑
𝑑𝑥
𝑠𝑒𝑐−1(𝑧) =
1
𝑧√𝑧2−1
 ] 
after integrating the later equation, we get  
𝜃 = 𝐶 −
𝑥
√2𝐿𝑑
 
where,  𝐶 is the integral constant 
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From the above relations we get, 
exp (
𝑞𝜓(𝑥)
2𝑘𝑇
) = 𝑧 = sec (𝐶 −
𝑥
√2𝐿𝑑
) 
𝑞𝜓(𝑥)
𝑘𝑇
= ln [sec2 (𝐶 −
𝑥
√2𝐿𝑑
)] 
𝜓(𝑥) =
𝑘𝑇
𝑞
ln [sec2 (𝐶 −
𝑥
√2𝐿𝑑
)]-----------------(vi) 
Now, as 𝑥 = 0, 𝜓(𝑥) = 𝜓𝑆 𝑖𝑠 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙, from Eq.(vi) 
𝜓𝑠 =
𝑘𝑇
𝑞
ln [sec2 (𝐶)] 
Or, 
𝑞𝜓𝑠
2𝑘𝑇
= ln (sec (𝐶)) 
Or, 𝐶 = 𝑠𝑒𝑐−1[𝑒𝑥𝑝(
𝑞𝜓𝑠
2𝑘𝑇
)] 
So, finally we get  
𝜓(𝑥) =
𝑘𝑇
𝑞
ln [sec2 (𝑠𝑒𝑐−1[𝑒𝑥𝑝(
𝑞𝜓𝑠
2𝑘𝑇
)] −
𝑥
√2𝐿𝑑
)]-------------(vii) 
From Eq.(vii), at 𝑥 = 0, 𝜓(𝑥 = 0) = 𝜓𝑠 and it approaches to zero into the bulk where 
electrostatic field is zero.   
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Appendix-B 
MATLAB Scripts 
Function for Solving Fermi-Dirac Integral 
%%Function for calculation of Fermi-Dirac integral 
numerically based of ref. [3]. 
  
function Y = FDI( Eta, j, toll, N_max ) 
  
  
for r = 1 : N_max 
    s = -4.5;                       % limits for L 
    p = 5.0; 
    L = linspace( s, p, r + 1 );    % generate intervals 
    D = exp( L - exp( -L ) ); 
    f = D .* ( 1 + exp( -L ) ) .* D .^ j ./ ( 1+ exp( D - 
Eta ) ); 
    Y = trapz( L, f ); 
     
    if r > 1                        % convergence 
        err = abs( Y - Y_old ); 
        if err < toll 
            break; 
        end 
    end 
     
   Y_old = Y; 
end 
  
if r == N_max 
    error( 'Increase N_max') 
end 
  
Y = Y./ gamma(j + 1 );
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Solution for Poisson’s Equation for n-Si MOS. Same code can be used for GaAs 
MIS by changing the parameter for GaAs 
 
%%Solution of 1D Poisson's Equation for n-doped Si MOS in 
accumulation mode: Written and edited by Md Shahanur Alam 
in 2017-2018 for studying the Si-MOS as a Spatial Modulator 
for THz imaging 
 
clc 
clear all 
E(1)=0;%V/cm 
psi(1)=0; 
psi(2)=1e-8;%V 
% n(1)=1e16; 
Vb=1;%surface potential assumed as applied bias on the 
interface 
delx=1e-8;%cm step size 
x(1)=0;%point in the bulk where E=0,psi=0 
x(2)=delx;% one step toward the surface 
  
ktq=0.026;%eV 
q=1.6e-19;%electron charge  
Nd=1e16;%cm^-3 doping concentration 
K=1.38e-23;%Jk^-1 
T=300; 
m0=9.11e-31;%kg 
ml=0.98*m0;mt=0.19*m0;md=(ml*mt^2)^(1/3); 
h=6.626e-34;M=6; 
% md=0.26*m0 
N_c=M*2*(2*pi*md*K*T/h^2)^(3/2)%m^-3 
Nc=N_c*1e-6;%cm^-3 
Eg=1.12;%Si 
% Nc=3.221e19;%cm^-3, effective density of state 
(ioffe.com) 
r=500000;% number of iteration 
ni=1e10;%intrinsic fermi level 
EfEc=-ktq*log(Nc/Nd)% Fermi level in the bulk 
esi=11.7*8.854e-14;%F/cm dielectric constant of Si ioffe.ru 
m=0.26*9.11e-31; 
hbar=1.054e-34; 
e=1.6e-19; 
  
%%%%%%%%%%%%%%%%Ionized impurity scattering 
  
  
for i=2:N 
%%%%%%%%%%%%%data for FDI 
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N_max=1e8; 
toll=1e-16; 
j=1/2; 
Eta(i)=(EfEc+psi(i))/ktq; 
Eta(1)=(EfEc+psi(1))/ktq; 
FDII(i)=FDI(Eta(i),j,toll,N_max); 
FDII(1)=FDI(Eta(1),j,toll,N_max); 
  
%%%%%%%%%%%%%%%%%Calculation for potential and electric 
field 
        %n(i)=Nc*(2/sqrt(pi))*FDI(i); 
        %n(1)=Nc*(2/sqrt(pi))*FDI(1); 
         n(i)=Nc*FDII(i); 
         n(1)=Nc*FDII(1); 
    rho(i)=( Nd-n(i) )*q;% rho=(Nd-n(i))q 
    E(i)=-(rho(i)*delx/esi)+ E(i-1);%E=int(-
rho(psi)/esi*dpsi) 
    psi(i+1)=psi(i) + E(i)*delx; 
    x(i+1)=x(i)+delx 
     
     
    %%%%%%%%%%%%%%%%%%%%%%%%%mobility Ionized impurity 
     
%     Kbh=(sqrt(6*m*K*T)/hbar);% m^-1 
%     Ld(i)=sqrt(K*T*esi*1e2./(n(i)*1e6*e^2));%m 
%      Ld(1)=sqrt(K*T*esi*1e2./(n(1)*1e6*e^2)) 
%     Beta(i)=2*Ld(i)*Kbh 
%     Beta(1)=2*Ld(1)*Kbh 
%     C(i)=log((1+Beta(i).^2)- Beta(i).^2./(1+Beta(i).^2)) 
%     C(1)=log((1+    Beta(1).^2)- 
Beta(1).^2./(1+Beta(1).^2)) 
% %tau=128*sqrt(2*pi*m)./(Nd*log((1+Beta.^2)-
Beta.^2./(1+Beta.^2))) 
%     b=((esi*1e2/e^2)^2)*(K*T)^(3/2) 
%     tau_ion(i)=(128*sqrt(2*pi*m)./(Nd*1e6*C(i)))*b 
%     tau_ion(1)=(128*sqrt(2*pi*m)./(Nd*1e6*C(1)))*b 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%mobility Accoustic 
phonon 
%  C11=166e9;%Nt/m^2 
%  D=9.2*1.6e-19;%eV 
%  
tau_ac(i)=((2/3)*sqrt(2*pi)*hbar^4*C11)/(m^(3/2)*D^2*(k*T)^
(3/2));% 
%  
tau_ac(1)=((2/3)*sqrt(2*pi)*hbar^4*C11)/(m^(3/2)*D^2*(k*T)^
(3/2));% 
%   
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%  tau(i)=tau_ion(i)*tau_ac(i)/(tau_ion(i)+tau_ac(i));% 
%  tau(1)=tau_ion(1)*tau_ac(1)/(tau_ion(1)+tau_ac(1));% 
%  
% mu(i)=e*tau(i)/m; %  
% mu(1)=e*tau(1)/m; %  
% C(i)=e*n(i).*mu(i)*1e4 
% C(1)=e*n(1)*mu(1)*1e4 
%      
%     C(i)=q*n(i)*mu*delx 
% %     R(i)=1./C(i) 
%      C(1)=q*n(1)*mu*delx 
% %     R(1)=1./C(1) 
     
    %%%%%%%exit from the loop%%%%%%%%%    
    if psi(i+1)> Vb 
        break   
    end  
    
     
     
end 
  
  
n_Nc=n/Nc 
ei=3.9*8.854e-14;%F/cm 
tox=100e-8;%cm 
psim=4.1;%metal work function 
qi=4.05;% semiconductor electron affinity 
psib=ktq*log(Nd/ni) 
V_FB= psim-qi-Eg/2+ psib 
  
   
   
    
Ef=EfEc + 0*x 
Ec=-psi 
Ei=-psi-Eg/2 
Ev=-psi-Eg 
%%%%%%%%%%%%%%%%Mobility Calculation%%%%%%%%%%%%%%%%%%%% 
  
    Kbh=(sqrt(6*m*K*T)/hbar);% m^-1 
    Uf=(3*pi^2*n*1e6).^(2/3)*hbar^2/(2*m) 
    Vf=sqrt(2*Uf/m) 
    wp=sqrt(q^2*n*1e6/(m*esi*1e2)) 
    Ltf=Vf./(sqrt(3)*wp) 
%      
      Ld=sqrt(K*T*esi*1e2./(n*1e6*e^2));%m 
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     Beta=2*Ld.*Kbh 
     C=log((1+Beta.^2)- Beta.^2./(1+Beta.^2)) 
     b=((esi*1e2/e^2)^2)*(K*T).^(3/2) 
     tau_ion=(128*sqrt(2*pi*m)./(Nd*1e6*C)).*b 
%     tau_ion(1)=(128*sqrt(2*pi*m)./(Nd*1e6*C(1)))*b 
   mu_ion=1e4*tau_ion*e/m 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%mobility Accoustic 
phonon 
  C11=166e9;%Nt/m^2 
  D=9.2*1.6e-19;%J 
  
tau_ac=((2/3)*sqrt(2*pi)*hbar^4*C11)./(m^(3/2)*D^2*(K*T).^(
3/2))+0*n;% 
%  
tau_ac(1)=((2/3)*sqrt(2*pi)*hbar^4*C11)/(m^(3/2)*D^2*(k*T)^
(3/2));% 
%   
  mu_ac=1e4*tau_ac*e/m  
tau=tau_ion.*tau_ac./(tau_ion+tau_ac);% 
%  tau(1)=tau_ion(1)*tau_ac(1)/(tau_ion(1)+tau_ac(1));% 
  
 mux=1e4*e*tau/m; % cm^2/Vs 
 a= mux(1)/1300% Scaling for mobility as mux(1)is at 300k 
and NI=1e16and n=1e16 
 mu=mux/a % scaled mobility as we did not account inter 
valley and interband scattering 
%  mu(1)=e*tau(1)/m; %  
S=q*mu.*n;% Conductance 
for i=1:length(n) 
    Ds(i)=delx*( (1/3)*S(i)+(4/3)*S(i+1)+(1/3)*S(i+2)) 
%     Rs (i)=1./Ds(i) 
       if i==length(n)-2 
          break 
       end 
  
end 
Rs =1./Ds 
  
%   Cs=(esi/2/Lambda)*(n/ni).^0.5% 
%Vg_VFB= E*(esi/ei)*tox + psi(1:(length(x)-1)) 
Vg= E*(esi/ei)*tox + psi(1:(length(x)-1)) 
Vox=esi*E*tox/ei 
Qs=E.*esi 
 Ldi=sqrt(esi*ktq/2/q/ni);%cm intrinsic debye length 
 Ldn=sqrt(esi*ktq/2/q/Nd) 
CFBS=esi/Ldn 
  Cg=diff(Qs)./diff(Vg) 
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    Cs=diff(Qs(2:length(Qs)))./diff(psi(2:length(Qs))) 
    Co=esi/Ldi 
    Cs_Co=Cs(2:length(Ds))./Co 
    Cs_a=CFBS*exp(psi/2/ktq) 
    Cox=ei/tox 
    C_norr=Cg/Cox; 
   C_nor=Cs./(Cox+Cs) 
   Ct=(Cg(1:length(Ds))+Cox)./Ds 
  
   Vgmax=max(Vg);Voxmax=max(Vox); 
   Vcmax=Vgmax-Voxmax; Vc1=0.1*Vcmax; Vc2=0.9*Vcmax; 
    
%%%%%%%%%%%%%%%%55 
% Find 10%Vc and 90%Vc(Vc=psi)then find the closest point 
from the psi 
% matrix and take the data from this part. take the data of 
same length 
% from Ds and Cs as well then calculate the integral 
(int(Cs/Vc/Ds)) 
  
%%%%%%%%%%%%%%%%Analytic calculation of free carrier 
%   x1=0:1e-8:9.25e-6 
% for t=2:length(x) 
%    psi1(1)=3 
%     Ld=sqrt(esi*K*T/e^2/Nd) 
% %     C=(exp(Vb/2/ktq)-1) 
% %     C=4.312 
%      C=asec(exp(psi1(1)/2/ktq)) 
%     B(t)=x(t)/sqrt(2)/Ld 
% %     B(1)=x(1)/sqrt(2)/Ld 
%     psi1(t)=ktq*log((sec(C-B(t))).^2) 
% %     psi1(1)=ktq*log((sec(C-B(1))).^2) 
%  
%   if psi1(t)>psi1(t-1) 
%       psi1(t)=0; 
%   end 
%    
%  n1(t)=Nd*exp(psi1(t)/ktq) 
%  n1(1)=Nd*exp(psi1(1)/ktq) 
%  
% end 
%   eta1=(EfEc+psi1)/ktq 
%   n_Nc1=n1/Nc 
% %   Err=abs(n_Nc(925:-1:1)-n_Nc1)./n_Nc(925:-1:1)*100 
  
% %%%%%%%%%%%%sheet carrier density numerical 
% for r=1:length(n) 
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%      ns(r)=delx*( (1/3)*n(r)+(4/3)*n(r+1)+(1/3)*n(r+2)) 
%      
%       if r==length(n)-2 
%          break 
%       end 
%     
% end 
%    
% % %%%%%%%%%%%%%sheet carrier Analytical 
  
% for z=1:length(n1) 
%      ns1(z)=delx*( 
(1/3)*n1(z)+(4/3)*n1(z+1)+(1/3)*n1(z+2)) 
%      
%       if z==length(n1)-2 
%          break 
%       end 
%     
% end 
%   
  
% figure (1) 
%  
% semilogy(x,psi,'linewidth',1.5) 
% xlabel('x (cm)(bulk to surface)') 
% ylabel('\psi(x)') 
%  
% figure (2) 
% semilogy(x(1:i),E,'linewidth',1.5) 
% xlabel('x(cm)(bulk to surface)') 
% ylabel('E(x)V/cm') 
%  
% figure(3) 
% semilogy(x(1:i),n,'linewidth',1.5) 
% xlabel('x(cm) (bulk to surface)') 
% ylabel('n(x)/cm^3') 
%  
% figure (4) 
% semilogy(psi(1:i),FDI,'linewidth',1.5) 
% xlabel('\psi(x)eV (Bulk to Surface)') 
% ylabel('Fermi integral') 
%   
% figure (5) 
%   
%  plot(psi(1:k),ns, 'linewidth', 2) 
%  xlabel('\psi(x) eV') 
%  ylabel('n_{s} cm^{-2}') 
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%  title('linear plot ') 
%  figure (6) 
%  semilogy(psi(1:k),ns, 'linewidth', 2) 
%  xlabel('\psi(x) eV') 
%  ylabel('n_{s} cm^{-2}') 
%  title('log(y) plot') 
%  figure(7) 
%  semilogy(x(1:k),ns, 'linewidth', 2) 
%  xlabel('x cm') 
%  ylabel('n_{s} cm^{-2}') 
%   
 
 
Code for THz transmittance: Transmission line analysis  
%this program calculates simutaneously the THz and IR 
transmittance 
%of ITO films on quartz or silicon 
%it assumes the radiation is incident from the substrate 
side. 
%written by Dr. Brown in 2015, and successful many times 
since 
clear all 
% close all 
c=3.0e10; 
ixf =[101:1:1000]; 
f = ixf.*1e9; 
omega=2*pi*f; 
%ixfir = [60:1:100]; %MWIR band in THz 
%fir = ixfir*1e12; 
%omegair = 2*pi*fir; 
%ixftot = [0.1:0.5:500]; %MWIR band in THz 
%ftot = ixftot*1e12; 
%omegatot = 2*pi*ftot; 
%n=1.0; %free space 
n=sqrt(11.66); 
  
ep_r=11.66 
ep_0=8.854e-14; 
mu_s=4*pi*1e-9;%H/cm 
%THz silicon index from Bolivar's 2003 paper; 
%n=sqrt(4.2); 
%THz quartz index from Cumming's 1979 paper; 
zs=377/n; 
%substrate impedance 
z0=377; %free space impedance 
73 
 
nir = 1.50 %index at lambda=3um, Almaz Optics 
zsir=377/nir; 
Tsub=4*nir/(nir+1)^2 %single pass, single layer 
transmittance through subsbtrate 
t=392; %[micron, Si substrate]392 
%t=500; %[micron, Quartz substrate] 
L=t*1e-4; 
%substrate thickness in cm 
rgs=input('enter the start (max) dc sheet resistance \n') % 
Rs at psi=0 
rge=input('enter the end (min) dc sheet resistance \n') %Rs 
at psi is max 
 
rstep= (rgs/rge)^.25 
%rgbest=input('enter the best dc sheet resistance \n') 
betaL=omega.*n./c.*L; 
tau=input('enter the relaxation time [ps] \n')%nominally 50 
fs for UCI GFETs 
tau = tau*1e-12; 
%zg = rg.*(1+j.*omega.*tau); 
%zL = zs.*((z0+j*zs.*tan(betaL))./(zs+j*z0.*tan(betaL))); 
%rL = real(zL); 
%zP = zg.*zL./(zg+zL); 
%zgL = zg + zL; 
%z0L = z0+zP; 
rg = rgs; 
%first do the analysis with metal film on the side or 
radiation incidence 
for ix=1:5 
zg = rg.*(1+j.*omega.*tau); 
 Sig(ix,:)=1./zg 
% sigma=1./zg;%freq. dependence conductance  
% Del=(pi*mu_s.*sigma.*f).^-0.5 
% Zs=(rg/L).*(1+j*L./2./Del) 
%this assumes a phasor time dependence of exp(j*omega*t), 
consistent with Ulaby 
  
%  epsilon_Si=ep_r.*ep_0-j*sigma./omega 
%  gammaL=L*sqrt(-omega.^2*mu_s.*epsilon_Si) 
zL = zs.*((z0+j*zs.*tan(betaL))./(zs+j*z0.*tan(betaL)));% 
for lossless trnasmission line medium 
%   zL=Zs.*((z0+Zs.*tan(gammaL))./(Zs+ z0.*tan(gammaL))) 
rL = real(zL); 
zP = zg.*zL./(zg+zL); 
zgL = zg + zL; 
z0L = z0+zP; 
ref =(zP-z0)./(zP+z0); 
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R(ix,:) = (abs(ref)).^2; 
TT(ix,:)=(1-R(ix,:))./(1+R(ix,:)) 
% t=(2*zP./(zP+z0)) 
% tt(ix,:)= (abs(2*zP./(zP+z0))).^2 
% T(ix,:) = 1 - R(ix,:); 
A(ix,:) = 
4*z0.*rg.*(abs(zL)).^2./(abs(zgL)).^2./(abs(z0L)).^2; 
T(ix,:) = 
4*z0.*rL.*(abs(zg)).^2./(abs(zgL)).^2./(abs(z0L)).^2; 
Tmax=max(T); 
C(ix,:) = R(ix,:) + A(ix,:) + T(ix,:); 
Tmin=min(T); 
PVR=Tmax/Tmin; 
FOM = (Tmax+Tmin)/2; 
figure(1) 
plot(ixf,T,'linewidth',2); 
% plot(ixf,T(1,:),ixf,T(4,:),ixf,T(5,:)) 
grid on 
xlabel('Frequency [GHz]','fontsize',12) 
ylabel('Transmittance', 'fontsize',12) 
figure(2) 
plot(ixf,A,'linewidth',2); 
grid on 
xlabel('Frequency [GHz]','fontsize',12) 
ylabel('Absorptance','fontsize',12) 
figure(3) 
plot(ixf,R,'linewidth',2); 
grid on 
xlabel('Frequency [GHz]','fontsize',12) 
ylabel('Reflectance','fontsize',12) 
figure(4) 
plot(ixf,C,'linewidth',2); 
grid on 
xlabel('Frequency [GHz]','fontsize',12) 
ylabel('Conservation factor','fontsize',12) 
rg = rg/rstep; %this scales the sheet resistance down 
geometrically 
end 
figure(11); 
plot(ixf,T(1,:),ixf,T(4,:),ixf,T(5,:),'linewidth',2) 
  
[Tpeak,Index] = findpeaks(T(1,:)) 
%[Tpeak,Index] = findpeaks(T(1,:)) 
Tvalley = T(5,Index) 
%Modepth=Tpeak/Tvalley 
Modepthh=((Tpeak-Tvalley)./Tpeak)*100 
 Modepth=10*log10(Tpeak./Tvalley) 
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Freqpoints = ixf(Index) 
% figure(10) 
% plot(Freqpoints,Modepthh,'-*','linewidth',2); 
% grid on 
% xlabel('Frequency [GHz]','fontsize',12) 
% ylabel('Mod Depth Peaks(dB) ','fontsize',12) 
  
%now do the metal film on the opposite side of incidence 
rg = rgs; 
for ix=1:5 
zg = rg.*(1+j.*omega.*tau); 
Gg(ix,:) = real(1./zg); 
%this assumes a phasor time dependence of exp(j*omega*t), 
consistent with Ulaby 
zpar=(zg.*z0)./(zg+z0); 
gamma=(zpar-zs)/(zpar+zs); 
zin = 
zs.*((zpar+j*zs.*tan(betaL))./(zs+j*zpar.*tan(betaL))); 
%rL = real(zL2); 
zgL1 = z0 + zin; 
zgL2 = zg + z0; 
lfactor = exp(j*betaL)+gamma.*exp(-j*betaL); 
cfactor=(abs(zin)).^2.*(abs(1+gamma)).^2./(abs(zgL2)).^2./(
abs(zgL1)).^2./(abs(zpar)).^2./(abs(lfactor)).^2; 
Refopp =(zin-z0)./(zin+z0); 
Ropp(ix,:) = (abs(Refopp)).^2; 
Topp(ix,:) = 4*z0.^2.*(abs(zg)).^2.*cfactor; 
Aopp(ix,:) = 4*z0.^3.*real(zg).*cfactor; 
Copp(ix,:)=Ropp(ix,:)+Topp(ix,:)+Aopp(ix,:); 
figure(5) 
plot(ixf,Topp,'linewidth',2); 
grid on 
xlabel('Frequency [THz]','fontsize',12) 
ylabel('Transmittance','fontsize',12) 
figure(6) 
plot(ixf,Aopp,'linewidth',2); 
grid on 
xlabel('Frequency [THz]','fontsize',12) 
ylabel('Absorptance','fontsize',12) 
figure(7) 
plot(ixf,Ropp,'linewidth',2); 
grid on 
xlabel('Frequency [THz]','fontsize',12) 
ylabel('Reflectance','fontsize',12) 
figure(8) 
plot(ixf,Copp,'linewidth',2); 
grid on 
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xlabel('Frequency [THz]','fontsize',12) 
ylabel('Conservation Factor','fontsize',12) 
rg = rg/rstep; %this scales the sheet resistance down 
geometrically 
end 
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